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A simple modiﬁed cold spray process in which the substrate of AZ51 alloys were preheated to 400 C and
sprayed with hydroxyapatite (HAP) using high pressure cold air nozzle spray was designed to get bio-
compatible coatings of the order of 20-30 lm thickness. The coatings had an average modulus of 9 GPa.
The biodegradation behavior of HAP-coated samples was tested by studying with simulated body ﬂuid
(SBF). The coating was characterized by FESEM microanalysis. ICPOES analysis was carried out for the
SBF solution to know the change in ion concentrations. Control samples showed no aluminum corrosion
but heavy Mg corrosion. On the HAP-coated alloy samples, HAP coatings started dissolving after 1 day but
showed signs of regeneration after 10 days of holding. All through the testing period while the HAP coating
got eroded, the surface of the sample got deposited with different apatite-like compounds and the phase
changed with course from DCPD to b-TCP and b-TCMP. The HAP-coated samples clearly improved the
biodegradability of Mg alloy, attributed to the dissolution and re-precipitation of apatite showed by the
coatings as compared to the control samples.
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1. Introduction
In the commonly used implant materials such as Ti-6Al-4V,
stainless steel, and Co-Cr alloys, release of toxic metal ions into
the body and their adverse effects on the host over a period of
time is well documented (Ref 1). Increased concern over the
toxicity of metallic implants led to development of biodegrad-
able implants and biocompatible coatings on implant materials.
The biodegradable implants can gradually be dissolved,
absorbed, consumed, or excreted. Magnesium has been sug-
gested as an alternative biomaterial recently due to its easy
degradability and near equivalent mechanical properties to that
of bone. The strong points in favor of using magnesium as
implant are strongly fortiﬁed by the their attractive biological
performances (Ref 2, 3): (1) metal magnesium is biodegradable
in body ﬂuid by corrosion; (2) Mg2+ is an essential element to
the human body (the daily intake of Mg2+ for a normal adult
is 300-400 mg) and hence harmless; (3) Magnesium can
accelerate the growth of new bones tissues; (4) Density, elastic
modulus, and yield strength of magnesium are closer to the
bone tissue than that of the conventional implants (Ref 2, 3).
Despite its excellent properties magnesium-based alloys
have not seen tangible applications in biomedical implant
industry (Ref 4). To date magnesium and its alloys have been
studied in the development of cardiovascular stents, bone
ﬁxation material, and porous scaffolds for bone repair (Ref 4-
6). Nevertheless, the main limitation to the medical applica-
tion is their corrosion behavior. Corrosion occurs rapidly even
for a biodegradable material and additionally, it is not
homogenous due to the tendency for localized corrosion
(Ref 7). Another issue raised is related to the formation of
hydrogen during corrosion. In the case of high evolution of
hydrogen gas, magnesium cannot be absorbed in the body and
a balloon effect takes place. In addition, an alkaline pH shift
in the vicinity of corroding surface that is also a concern for
medical applications. Therefore, it is necessary to carry out
surface treatment or form coatings (Ref 8). The coatings
enable biodegradation at controlled rate, and hence they offer
a limited barrier function.
In order to control the degradation rate that can be extremely
rapid to Mg alloy, it is useful to coat with hydroxyapatite (HAP).
The HAP [Ca10(PO4)6OH2] is a form of calcium apatite and is
the major component that is composed of same ions responsible
to construct the mineral part of bone and teeth. HAP is bioactive
with bone bonding ability, clinically used as bone spacers and
ﬁllers. The lack of cytotoxic effect makes HAP biocompatible
with hard tissue and soft tissue (Ref 9). HAP helps to improve
the biodegradation rate of magnesium alloys.
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Recently, some research works were performed to slow
down the biodegradation rate of magnesium alloys, including
sol gel (Ref 1) electrodeposition (Ref 2). Among them, plasma
spraying of magnesium alloys has not been widely investigated
possibly due to the low melting temperature of magnesium.
Additionally, when HAP is plasma sprayed, it may be
converted into other calcium phosphate phases such as a- or
b-tricalcium phosphate, tetracalcium phosphate (TTCP), or
calcium oxide (CaO) and the crystallinity of HAP may also be
lowered due to rapid solidiﬁcation. These alterations in
chemistry and crystallinity often interfere with the novel
bioactive properties of HAP as well as its adhesion to the
implant (Ref 9, 10).
In this study, we demonstrate a novel approach to coat the
HAP on AZ51 magnesium alloy by the modiﬁed cold spray (CS)
deposition technique. AZ51 was chosen as experimental alloy to
investigate the biodegradation of magnesium coated with HAP.
Since the coated samples were meant for speciﬁc applications
where time bound healing should start before the whole implant
dissolves, regeneration of HAP from the SBF solution was
studied in particular to examine the bioactivity of the coating.
To investigate the effect of HAP coating by the above
technique, dissolution studywas conducted to ﬁnd the bioactivity
when subjected to the physiologicalmedium. The biodegradation
rate ofAZ51 coatedwithHAPby cold-sprayed coating technique
was evaluated in the simulated body ﬂuid (SBF).
2. Materials and Methods
2.1 Materials
The substrate material was AZ51 (5% Al, 1% Zn) magne-
sium alloy plate. The alloy was obtained from GKSS research
center, Germany. The specimens were cut into small pieces
with 15 mm9 15 mm9 4 mm. The specimens surface were
ground with 1000 grit SiC paper to ensure the same surface
roughness. Then the specimens were ultrasonically cleaned in
acetone for 5 min. HAP, Ca5OH(PO4)3 (purum p.a., ‡ 90%)
powder supplied by Sigma Aldrich were used as spray-dried
materials. The average particle size of powder was 4 lm. The
as-received HAP powder was characterized with Bruker AXS
D8 XRD unit using a monochromatic Cu Ka radiation at a scan
rate of 0.04 degree/s in the range of 20-60 angle. XRD result
of the as-received HAP powder indicated the characteristic
peaks of pure HAP (Fig. 1). The crystallographic structure of
HAP was hexagonal with P63/m space group. The lattice
constant was, a = 9.424 A˚ and matched with the reference
pattern ﬁle no. 01-074-0565 (ICDD).
2.2 Preparation of HAP Coatings
In conventional CS technique hot gases at temperatures
500-700 C is used as carriers of the sprayed powders while the
substrate remains at room temperature. In the present study, the
CS technique was modiﬁed by using ambient air at room
temperature as the spraying medium and heating the substrate
to 400 C. This modiﬁcation helped in retaining the HAP
properties which usually show phase changes at high temper-
ature deposition. HAP coating was prepared by placing the
AZ51 substrate inside a furnace where it was preheated to a
temperature of 400 C for 1 h. After the substrate was heated
for 1 h, the HAP powder was sprayed using the modiﬁed CS
deposition system. In this process the HAP powder was
deposited on preheated substrate by high pressure powder
feeder through an air spraying nozzle. The nozzle was kept
40 mm from the preheated substrate. The spraying HAP
powder was accelerated to a high velocity and deposited on
the heated AZ51 substrate. The air pressure was 10 bars and
was controlled at room temperature.
2.2.1 Characterization of HAP Coatings and SBF
Solution. The surface morphology, deposit thickness, and the
composition of as-deposited coating and test sampleswere studied
by ﬁeld emission scanning electron microscopy Zeiss SUPRA
35VP (FESEM) from Germany, equipped with energy dispersion
x-ray spectrometry (EDX). EDX was carried out at a voltage of
15 kVand a working distance of 10 mm, while morphology was
studied at 5 mm working distance and 5 kV. Surface topography
of coatings was examined by atomic force microscope (AFM).
The AFM model was NanoNavi SII from Japan.
The hardness and elastic modulus of the coating were
evaluated by the Nanoindentation test. Nanoindentation was
performed using Nano Test Instrument (Micro Materials Ltd
Wrexham, UK). Three different loads were used: 10, 100, and
300 mN. The indentations were conducted using the load
control mode, where the load is applied and then released after
the set peak. An initial load of 0.05 mN was used for locating
the surface with Berkovich indenter. After this a loading rate of
10% of the load was applied. A dwell time of 5 s was applied at
the maximum load.
The calcium, phosphorous, and magnesium ions concentra-
tion in the solution were analyzed immediately after the
specimens were removed from SBF solution using the Perkin
Elmer 8300 inductively coupled plasma optical emission
spectroscopy (ICPOES), USA. All the SBF test solutions were
appropriately diluted in de-ionized water and subjected to
ICPOES analysis.
2.3 Studies with SBF
SBF was prepared as described by Kakubo et al. (Ref 11) by
dissolving reagent grade NaCl, NaHCO3, KCl, K2HPO4Æ3H2O,
MgCl2Æ6H2O, CaCl2, Na2SO4, in ion exchanged and distilled
water. The synthesized solution was buffered at pH 7.30± 0.05
with Tris-hydroxymethyl aminomethane, (HOCH2)3CNH2, and
1 M HCl. All chemicals used in this study were of analytical
reagent grade obtained from Sigma Aldrich, USA.
The volume of the SBF solution for soaking the specimen
was determined by the formula Vs = Sa/10 where the Vs is the
volume of the SBF (Ml) and Sa is the apparent surface area ofFig. 1 XRD pattern of as-received HAP powder
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the specimen (mm2) (Ref 11). The calculated volume of SBF
was put into plastic container and was heated at 36.5 C. The
specimens were placed in the SBF after the solution attained a
temperature of 36.5 C. Uncoated AZ51 specimens were used
as control sample henceforth mentioned as Control, to check
the biodegradation effect of SBF on pure alloy.
The control and coated AZ51 specimens were soaked in the
SBF solution for various periods of 1, 4, 10, and 14 days. The
solution pH was monitored during the immersion period using
a 3-point calibrated pH electrode (SYSTRONICS 362). After
reaching the immersion time, the specimens were taken out for
analysis from SBF solution and gently rinsed with pure water.
The experiments were carried out at 37 C in the water bath.
The test tubes were sealed to remain sterile. The specimens
were dried in desiccators without heating. In the same test tube
it was not possible to place several samples, as the change in
the chemistry of the solution due to each sample would
interfere with the dissolution characteristics of the other
samples. Thus one sample could only be placed in one test tube.
3. Result and Discussion
3.1 Surface Morphologies and Chemical Analysis of HAP
Coatings
Figure 2(a) and (b) shows the SEM micrograph depicting
the surface morphology and the structure of HAP coating
on the samples. SEM micrograph clearly showed that a dense
HAP coating was deposited on AZ51 plate. Based on this
microstructure, the HAP particles were found to be bonded well
to each other during the CS process. Possibly higher impact
velocity of HAP particles in conjunction with the heat from
AZ51 substrate might have caused the particles to bond with
each other. Figure 2(c) shows the cross-sectional view of the
coating. The ﬁlm thickness ranged 20-30 lm with an average
value of 25 lm and was nearly uniform. The SEM microanal-
ysis with EDX spectra on the coating surface showed that the
main elements in the coating were Ca, P, and O with a weight
percentage in the range of HAP composition. At the interface
with the substrate Ca, P, O, and Mg were observed. Some dark
voids were seen at the interface zone. These may have formed
due to the deposition process. Since the aim of this study was
not to allow dissolution of the complete coating till the
interface, the characterization of the interface was not pursued
further.
XRD pattern of the coatings showed similar peak as placed
in Fig. 1 (not shown). This result indicated that the modiﬁed
CS technique did not change the character of the HAP phase in
the coating deposited on the heated AZ51 substrate.
3.2 Surface Topography of HAP Coatings
Surface topography of the HAP coating surface was
visualized by the AFM. Figure 3 shows the AFM image of
coating. From this ﬁgure it is seen that the coating roughness
was uniform and the size of the smallest HAP particle in the
agglomerate was about 40 to 60 nm. Agglomeration can be
seen in some areas of the topography image. The variation in
color in different regions is due to variation in signal with depth
Fig. 2 SEM micrograph of HAP coating on the sample (a) low magniﬁcation, (b) high magniﬁcation, (c) cross-sectional view
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which corresponds to the height difference or roughness of
sample.
3.3 Hardness and Elastic Modulus of Coatings
The hardness of the coating using nano indenter was
determined at four points. Three different loads were applied in
these tests: 10, 100, and 300 mN. The average hardness values
obtained were calculated and plotted against load as presented
in Fig. 4(a).
Average hardness of HAP coating obtained was 0.1 GPa for
the minimum load of 10 mN. The applied load 10 mN caused
the penetration depth of 2275 nm (Fig. 4b). As the load
increased to 100 mN with penetration of 9346 nm, the hardness
obtained was comparable to that obtained under 10 mN applied
load. At 300 mN with maximum depth of 12,460 nm, the
hardness obtained was 0.09 GPa. Based on these readings, it
can be concluded that the hardness was more or less uniform
within the HAP coating. However, within the HAP coating, the
hardness slightly increased towards the surface of the coating.
Similar observations, in different system, were also reported by
Samandari et al. (Ref 12) using plasma spray process to coat
HAP on the Ti substrate. The hardness increased from the
substrate to the surface (Ref 12).
The average elastic modulus of HAP coating was in the
range of 9 GPa as seen in Fig. 4(c). A gradual increase of
elastic modulus reading within the coating towards the surface
was observed. At the lowest load applied for indentation
coating showed the highest elastic modulus value. The elastic
modulus of HAP coating was found to be greater than
polymeric material like polystyrene but little lower than lead
(Ref 13). These values are also similar to hardness of the cold
compacted iron powder (Ref 14).
3.4 Biodegradable Behaviors of HAP-Coated Samples
In the SBF studies, dissolution and mineralization of the
coating are the two main processes that occur. It was observed
in the present experiments that the dissolution and mineraliza-
tion in the HAP coating varied with the soaking time, as well as
the changing ion concentration in SBF.
Figure 5 shows the SEM micrograph of the control sample
at different time after immersion in SBF. From the morphology
of control sample it is seen that cracks were visible after day 1
(Fig. 5a) with tiny pits formation which grew deeper with time
(Fig. 5b, c) towards the end of experiment. The control sample
showed signiﬁcant corrosion in the SBF as expected. Table 1
shows the magnesium content on the surfaces of the control
samples. Dissolution of Mg into the SBF in the control sample
is evident from the decreasing weight percentage (94 to 52.9%)
of Mg on the sample surface. Other than magnesium the
elements present in the surface were O, Cl, P, Ca in varying
proportions. This could mean that Mg was precipitated as
magnesium hydroxide or magnesium chloride on the surface.
Magnesium hydroxide acts as a passive protective layer under
alkaline conditions which is why the Mg does not completely
dissolute into SBF (Ref 15). The corrosion could therefore be
due to MgCl2 formation which causes pit nucleation on the
surface as reported by Hornberger et al. (Ref 15).
Figure 6 shows the change in morphology of HAP-coated
test samples at different time after immersion in SBF.
Figure 6(a) shows that the HAP coating on the test samples
started dissolving after the ﬁrst day of immersion. The EDX
analysis of the coated test samples and the ICP analysis of the
SBF solution after immersion are given in Tables 2 and 3,
Fig. 3 Two-dimensional AFM image of coated AZ51
Fig. 4 (a) Hardness of HAP coating at different applied loads,
(b) maximum depth of penetration vs. applied load, (c) elastic modulus
of HAP coating
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respectively. Table 2 shows that there is a general decrease in
Mg and ﬂuctuations in the weight percentage of Ca and P
elements. The ICP analysis of the SBF solution showed a
corresponding increase in Mg and ﬂuctuating Ca and P contents
(Table 3). Aluminum did not corrode into SBF and was not
detected in ICP analysis. This is beneﬁcial as aluminum
corrosion is reported as adverse for bone growth (Ref 3, 4) and
the AZ51 alloy shows stability with aluminum. The surface of
the coated samples became rough with some loose particles
dispersed over the surface. A similar phenomenon was reported
for HAP/Ti alloy composite coating deposited by plasma spray
on Ti-6Al-4V substrate after soaking in the SBF solution by Gu
et al. (Ref 16). It was proposed that this increase in surface
roughness of the coating provided nucleation sites and lowered
interface energy for bone apatite to anchor (Ref 16).
After 4 days of immersion, the ICP analysis of the solution
(Table 3) and the surface morphology of the sample showed
signiﬁcant changes (Fig. 6b). The surface appeared porous and
the structure was different from initially seen loose particles on
the surface. ICP analysis of SBF showed that there was 10
times reduction in P content with marginal decrease in Ca
compared to the ﬁrst day immersion data. This point out that
apatite nucleated on the substrate from solution, probably not
noticeable in the SEM image (Fig. 6b), even when corrosion
reaction took place.
Figure 6(c) shows the surface morphology of the coating
after 10 days of immersion. It was seen that the surface of
coated sample was covered by some newly formed layer
consisting of small granular agglomerates. The EDX analysis of
the agglomerates on the coating showed the presence of Ca, P,
O, and Mg, indicating that the granular agglomerate is apatite.
However, the weight of Ca element was low on surface and
correspondingly high in SBF solution indicating that only little
amount of apatite has formed. Chemical analysis of the solution
at this stage by ICP showed that Mg content increased over day 4
while P decreased marginally (Table 3). However the small
increase in Ca in SBF does not totally preclude the formation of
apatite in isolated areas in the ﬁlm. This conﬁrms that the
coating is bioactive, inducing apatite formation.
At the end of 14 days of immersion in SBF, the microanal-
ysis of the coating showed an increase in Ca (Table 2). ICP
analysis of the SBF solution complemented this result showing
considerable reduction in Ca and a very marginal increase in P
(Table 3). Possibly isolated precipitation of apatite on the
surface coating might be forming with dissolution still contin-
uing in some other areas. This is also visible in the SEM
micrograph as precipitated zone (Fig. 6d). There was a
signiﬁcant reduction in the magnesium content in the SBF
(Table 3) meaning dissolution rate slowed down, but was still
faster than rate of apatite formation. The SEM micrograph of
Fig. 5 Surface morphology of control sample showing pit formation (a) after 1 day, (b) after 4 days, (c) after 10 days, and (d) after 14 days
of immersion in SBF during in vitro test
Table 1 Change of magnesium concentration on control
sample surface during the period of immersion in SBF
solution (based on EDX data)
Immersion time, days 0 1 4 10 14
Magnesium on surface, wt.% 94 52.9 52.6 61.2 52.6
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the surface after 14 days shows the existence of large size pores
and microcracks. It is speculated that the degradation process
started happening at the end that caused the damage to the
surface structure of the coating. The EDX analysis also showed
that 1.2 wt.% Cl was present on the surface at this stage. This
indicated that magnesium chloride formation could have
initiated.
The pH curve (Fig. 7) shows that the ﬁnal pH was 8.96 at the
end of the incubation period. In the test sample, the pH increase is
slower as compared to control sample till day 4. Control sample
reaches maximum pH (8.96) after ﬁrst day of immersion
thereafter remains stable. Based on the conditions that prevailed,
it is possible to estimate what phase of calcium orthophosphate
could have precipitated on the surface, from EDX, ICPOES, and
pH data (Ref 17-19). As reported earlier the mechanical
properties of the CS coatings were not high enough to make
them amenable to analytical procedures including making thin
ﬁlms for TEM micro-diffraction analysis, that involved intense
abrasion and cutting procedures. Thus results of EDX analysis
along with results from ICPOES were used to semi-quantitatively
evaluate the behavior of the precipitating products on the surface.
Comparison with similar other works available in the literature
were invoked to further substantiate the analysis. To evaluate the
dissolution and re-precipitation of apatite, ICPOES data
(Table 3) and EDX data (Table 2) are rationalized by calculat-
ing the Mg/Ca and Ca/P ratios respectively. The phase of
re-precipitated apatite changed through the course of the
Fig. 6 Surface morphology of HAP-coated samples (a) after 1 day, (b) after 4 days, (c) after 10 days, and (d) after 14 days of immersion in
SBF. Initial degradation (a, b) and isolated re-precipitation (c, d) of apatite is visible
Table 2 Change of elemental composition in HAP-coated
test samples during the period of immersion (based on
EDX data)
Time,
days
Ca,
wt.%
P,
wt.%
Mg on surface,
wt.%
Molar Ca/P on
substrate
1 0.58 2.05 64.26 0.212
4 0.82 1.89 58.73 0.325
10 0.34 3.45 51.16 0.0739
14 1.16 0.91 54.0 0.956
Table 3 ICPOES analysis of SBF solution after
immersion of HAP-coated AZ51 test samples
Immersion
time, days
Ion concentration in SBF
solution, mg/L
Molar Mg/Ca
in solutionMg Ca P
0 50.9 158.6 35.1 0.535
1 55.3 162.2 44.6 0.568
4 3906 158.7 4.4 41.02
10 4471 182.8 3.6 40.76
14 3369 149.3 4.2 37.61
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experiment. Themolar Ca/P ratio of original SBF solution before
the beginning of the experiment is 1.514 (not mentioned in
table). From the ﬁnal molar Ca/P value of 0.956 on day 14
(Table 2), it can be said that the regenerated phase is possibly
dicalcium phosphate dihydrate (DCPD). But pH conditions
favor b-TCP or b-TCMP formation, which is ideally precipitated
in pH range of 5-9 and temperature range of 25-95 C. Under the
same conditions, presence of Mg2+ ions in the solution above a
ratio of 0.4 with respect to Ca2+, allows biologic or synthetic
Mg-substituted TCP formation (Ref 17). The molar Ca/P value
and the Mg/Ca values as shown in Tables 2 and 3, respectively,
are 0.956 and 37.6 at a pH of 8.96. These values match the
conditions said by LeGeros et al. (Ref 18). Hence considering the
inﬂuence of mildly alkaline pH along with the molar ratios,
b-TCMP or Mg-TCP is the most probable phase formed
(Ref 17, 18). The stability of both b-TCMP and Mg-TCP in
body conditions is little low compared to HAP under physiologic
conditions (Ref 19-21), but they act as precursor to the biologic
apatite (which is associated with minor but important component
such as CO3 and Mg) as they easily substitute Ca and PO4 and
form calcium-deﬁcient apatite (the naturally occurring apatite)
(Ref 17, 22). Due to their faster degradability compared to HAP,
b-TCP itself is being used as bone graft substitute and in dental
applications allowing faster natural bone growth, a problem
encountered with HAP causing prolonged bone growth periods
(Ref 18, 21). The re-precipitated phase in the present study is
possibly a suitable bioactive material for implant purpose. This is
one of the key observations of the present work. Hence with the
present rate of biodegradation and bioactivity, the material is
suitable for any biodegradable implant application including
stents and bone implants. Further in vitro studies of the HAP-
coated AZ51 alloy with cell lines can conﬁrm this potential
application.
4. Conclusion
A simple and effective CS processing route has been used to
prepare HAP coatings on magnesium alloy samples. The
coating characterization by SEM conﬁrmed the presence of
compact HAP coating on the sample without any phase change
during the modiﬁed processing. The average thickness of the
coating was 25 lm. The smallest aggregates in the coating
observed were in the size range of 40-60 nm. Hardness and
elastic modulus measured by nano-indentation were found to be
around 0.1 and 9 GPa, respectively, indicating that the inter-
molecular forces in the coatings are in the high end range of
polymers and slightly below metallic lead. SBF tests carried out
using SBF solution showed that the HAP coating started
dissolving after 1 day of holding and showed signs of
regeneration after 10 days. The phase of re-precipitated apatite
changed through the course of experiment due to the inﬂuence
of pH, molar Ca/P and Mg/Ca ratios in solution. At the end of
the experiment the apatite re-precipitated as b-TCMP due to
increase in pH and favorable change in molar Ca/P and Mg/Ca
ratios. The uncoated control samples showed considerable
degradation from the very ﬁrst day onwards of the immersion
period. These ﬁndings show that the coated alloy is both
biodegradable and bioactive, suitable for possible use as
biodegradable orthopedic implants.
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